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Abstract Clusters of Resistance-like genes (RLGs) have
been identified from a variety of plant species. In soy-
bean, RLG-specific primers and BAC-fingerprinting
were used to develop a contig of overlapping BACsfor a
cluster of RLGs on soybean linkage group J. The resis-
tance genes Rps2 (Phytophthora stem and root rot) and
Rmd-c (powdery mildew) and the ineffective nodulation
gene Rj2 were previously mapped to this region of link-
age group J. PCR hybridization was used to place two
TIR/NBD/LRR cDNAs on overlapping BACs from this
contig. Both of the cDNAs were present on BAC 34P7.
Fingerprinting of this BAC suggested as many as twelve
different RLGs were present. Given the high nucleotide
identity shared between cDNAs LM6 and MGI13
(>90%), direct sequencing of this region would be diffi-
cult. More sequence information was needed about the
RLGs within this region before sequencing could be
undertaken. By comparing the genomic sequences of
cDNAs LM6 and MG13 we identified conserved regions
from which oligonucleotide primers specific to BAC
34P7 RLGs could be designed. The nine primer pairs
spanned the genomic sequence of LM6 and produced
overlapping RLG products upon amplification of BAC
34P7. Amplification products from 12 different RLGs
were identified. On average, nucleotide identity between
RLG sequences was greater than 95%. Examination of
RLG seguences also revealed evidence of additions, de-
letions and duplications within targeted regions of these
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genes. Using previously mapped cDNAs we were able to
quickly and inexpensively access multiple RLGs within
asingle specific cluster.
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Introduction

Genes with conserved sequence homology to disease re-
sistance genes can be found throughout plant genomes.
Common disease resistance signatures include Toll/Inter-
leukin-1 receptor domains (TIR), nucleotide binding do-
mains (NBD), leucine rich repeats (LRR), coiled-coil do-
mains (CC) and protein kinase domains (PK; Hammond-
Kosack and Jones 1997). Resistance-like genes (RLGS),
or resistance gene analogs (RGAS), have been identified
in a variety of plant species including soybean (Kanazin
et a. 1996; Yu et al. 1996), potato (Leister et a. 1996),
lettuce (Shen et al. 1998), maize (Collins et al. 1998),
common bean (Rivkin et al. 1999), and Arabidopsis
(Aarts et a. 1998; Speulman et al. 1998). Estimates from
The Arabidopsis Genome Initiative (2000) suggest that
RLGs with homology to the TIR/NBD/LRR class of
R-genes account for 0.4% of the Arabidopsis genome. In
many cases, RLGs are found clustered in known disease
resistance loci. The tomato Cf-5 locus contains six other
RLGs (Dixon et a. 1998). The Dm3 locus in lettuce is
made up of 22 RLGs within a 3.5-Mb region (Meyers et
al. 1998). The Xa21 gene family is composed of seven
homologs contained within a 230-kb region (Song et al.
1997).

Within a cluster of RLGs, there may be multiple
genes conferring resistance to different isolates of a par-
ticular pathogen or to biologically diverse taxa of patho-
gens. For example, the Arabidopsis HRT/RPP8 cluster
confers resistance to a viral pathogen and an oomycete
pathogen (Cooley et a. 2000). In potato, the Gpa2 locus
for potato cyst nematode resistance also contains Rx1, a
gene for potato virus X resistance (Van der Vossen et al.
2000).



During the analysis of candidate R-gene clustersit be-
comes very important to determine the types of sequence
variations that exist within the cluster. These differences
reveal much about the evolution and divergence of the
candidates. Minor sequence differences between homo-
logs have proven to be very important in determining
differences in pathogen specificity. For example, asingle
amino-acid difference in the leucine-rich domain of the
rice blast resistance gene Pi-ta results in susceptibility to
rice blast (Bryan et al. 2000). In addition, analysis of the
Cf-2/Cf-5 family using three tomato haplotypes suggests
that variation in LRR copy number and recombination
play a role in generating diversity among R-genes
(Dixon et a. 1998). The predicted solvent-exposed re-
gions of the LRR have been found to be hypervariable
and correlate with differential pathogen recognition in
several studies (Anderson et al. 1997; Parniske et al.
1997; Botella et al. 1998; Dixon et a. 1998; Meyers et
al. 1998; Warren et a. 1998; Ellis et a. 1999).

In hard to transform species, identification of an
R-gene from a cluster of candidate RLGs remains diffi-
cult. Extensive sequence information is required in the
region surrounding the candidate genes. High nucleotide
identity shared between members of an R-gene cluster
and the number of RLGs within a cluster may make ac-
curate sequence assembly difficult. In the Xa21 R-gene
family, the seven homologs share greater than 90% nu-
cleotide identity. The number of similar RLGs in a clus-
ter may dictate the conditions of a sequencing approach.

In soybean, several clusters of NBD RLGs were
mapped to soybean linkage group J (LG J; Kanazin et al.
1996). One of the RLG clusters mapped to a region of
LG J to which resistance to powdery mildew (Rmd-c)
and Phytophthora stem and root rot (Rps2) and an inef-
fective nodulation gene (Rj2) had been mapped. Using
RL G-specific primers and BAC fingerprinting, an as-
sembly of overlapping BACs was developed for this re-
gion for the cultivar 'Williams 82" [rps2, Rmd (adult on-
set), rj2; Graham et a. 2000; Marek and Shoemaker
1997]. Fingerprint analyses of the BACs in this region
suggested that more than twelve RLGs were present in a
700-kb interval. Two TIR/NBD/LRR cDNAs (LM6 and
MG13) were associated with several overlapping BACs
within this cluster (Graham et al. 2000).

We have developed a PCR-based approach that takes
advantage of the high nucleotide identity among R-genes
to evaluate a cluster of RLGs in soybean. By comparing
the sequences of the TIR/NBD/LRR cDNAs LM6 and
MG13, we identified conserved regions along the length
of the cDNAs. Within the conserved regions from the
LM6 sequence, a series of oligonucleotide primer pairs
was designed to span the length of the cDNAs. PCR was
used to amplify overlapping RLG sequences from a
200-kb BAC in the linkage group J cluster. This strategy
was used to quickly and efficiently examine the TIR/
NBD/LRR RLGs within this region. We estimated the
nucleotide identities between genes in the cluster and ex-
amined amino-acid substitution rates within this cluster
to determine which regions of these genes are under se-
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lective pressure. In addition, there are sequence differ-
ences between genes consistent with unequal recombina-
tion events. Sequencing of the RLG domains from BAC
34P7 was fast, efficient and yielded information on the
structure of the RLGs within this cluster without se-
guencing the entire BAC. This technique can be applied
to other R-gene clusters to quickly and inexpensively ob-
tain sequence information.

Materials and methods

Placement of cDNA clones LM6 and MG13 onto BAC 34P7

Previously, two cDNA clones (LM6 and MG13; GenBank acces-
sion numbers AF175388 and AF175399) were identified by hy-
bridization using probes for the conserved nucleotide binding do-
main of R-genes. To correlate cDNA clones with specific BACs,
primers were designed from the LRRs of cDNAs LM6 and MG13
and were used to screen the USDA/ISU 'Williams 82' BAC library
under high stringency PCR conditions. Positive BACs were used
as templates for PCR using the cDNA 3' LRR primers. The PCR
products were sequenced and the sequences were compared to the
cDNA sequence. The cDNASs were localized to a group of over-
lapping BACs on linkage group J (rps2, Rmd, rj2; Graham et al.
2000). BAC-end sequencing confirmed the positions of the
cDNASs and was used to obtain genomic sequences of LM6 and
MG13. The localization of cDNAs MG13 and LM6 is described in
detail in Graham et al. (2000). BAC 34P7 (Gm_|1Sh001_034_P07;
200 kb) was chosen for the following experiments because it was
the largest of the overlapping BACs corresponding to cDNASs
LM6 and MG13. cDNAsLM6 and MG13 shared greater than 90%
nucleotide identity. MG13, however, has several large deletions
relative to LM6 and is missing almost al of the LRR (Graham et
al. 2000).

Sequencing of genomic fragments

To determine the genomic sequences of RLGs within BAC 34P7,
we designed primers from conserved regions of cDNAs LM6 and
MG13. Sequence comparisons between the cDNAs were made us-

Table 1 Overlapping primer pairs designed from cDNA LM6 to
amplify overlapping genomic segments (see Table 2) of R-genes
from BAC 34P7

Primer Primer sequence Primer
name size
GSOL 5 TCA ACCATT ATCATA CTGAAC3Z 21
GSOR 5 AGT TCT GAT GAA GTCAGC G 3 19
GS1L 5 TGGCTT TGCATCAAGTAGC?J 19
GS1R 5 GAA CTGCCA GAGCAA GTG 3 18
GS2L 5 TTG TCCATA TCATAGGGA TC3 20
GS2R 5" CACGATTCAAGACATCCTC3Z 19
GS3L 5 AAT CAGAGT GCTGCTCTTC 3 19
GS3R 5 CTCACT CACCGT GTTGTC 3 18
GS3BL 5 CCAGTGATGAAATCCAAGAGJ 20
GS3BR 5 AGA TAT GAG GAA ATCCAGAC?Z 20
GS4L 5 GGA AGT GCA AGA GATTAT TG 3 20
GS4R 5 GGA ACT CAAATGACGTAATG3Z 20
GS4BL 5 GTCTGGATTTCTCCATATCT 3 20
GS4BR 5 CCT GCA ACCATAAGCACTCZ 19
GS5L 5 CCA TCT AACTTT GAT CCT ATC 3 21
GS5R 5" ACA ATT CCA CAACTATCCAG?3 20
GS6L 5 GCT GGA TAGTTGTGG AAT TG 3 20
GS6R 5 GGA AGT CAA GGA TGCACAG?3 19
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ing AutoAssembler (Applied Biosystems, Foster City, Calif) and
Lasergene (DNAstar, Inc., Madison, Wis.) software. Within the
conserved regions from the LM6 sequence, a series of nine primer
pairs was designed (Oligo 6.0, Molecular Biology Insights, Cas-
cade Colo; Table 1). The primers were targeted across the length
of LM®6 so that overlapping fragments were produced upon ampli-
fication. LM6 sequence was used in primer design because of de-
letions present in cDNA MG13 (Graham et al. 2000).

The nine primer pairs were used for PCR amplification from
BAC 34P7. For each primer pair a 50-ul reaction volume was
used and 100 ng of BAC 34P7 DNA was added as template. PCR
cycling conditions were 94 °C for 2 min, 35 cycles of 94 °C for
1min, 52 °Cfor 30 s, 72 °C for 1 min, followed by 72 ° for 2 min.
The amplification products were purified from a 1% low melt
gel and cloned using the pPGEMT Easy Vector System | (Promega,
Madison, Wis). Plasmid DNA was isolated according to
Sambrook et al. (1989) and sequenced at the lowa State DNA
Synthesis and Sequencing Facility. Ten clones from each primer
pair were chosen at random for sequencing and an additional 30
clones were sequenced from the control reactions. Automated di-
deoxy sequencing was carried out on both strands using an ABI
377 Automated Sequencer. Reactions were set up using the Ap-
plied Biosystems (Foster City, Calif.) Prism BigDye terminator
cycle sequencing kit with AmpliTaqg DNA polymerase, FS and
electrophoresed on an Applied Biosystems Prism 377 DNA se-
guencer. Unique clones have been given GenBank accession num-
bers AF403250-AF403298.

Controls

To test for reproducibility, the PCR reaction using the GS 1 primer
pair and BAC 34P7 template DNA was repeated. PCR conditions
and cloning were performed as described previously and ten
clones were chosen at random for sequencing. In repeating the ex-
periment, we expected to find the original sequences identified.
This would demonstrate that the PCR sequences accurately repre-
sented the genomic sequence and were not artifacts due to poly-
merase derived errors.

To demonstrate that sequence differences between the PCR
generated clones were not due to misannealing or other PCR er-
rors, the following controls were also included. Primer pairs GS 2
and GS 3B (Table 1) were used in control reactions to test for
PCR-generated recombinants. From the clones initially amplified
and sequenced from primers GS 2 and GS 3B, two unique clones
were chosen from each primer pair for use in the control PCR re-
action; 100 ng of each of the DNAs was mixed and used as tem-
plate in a single PCR reaction with the corresponding primer pair.
The PCR product was cloned and ten clones were chosen from
each of the two control reactions for sequencing. The sequences of
the control clones were compared to the sequences of the parent
clones to determine if PCR-generated recombinants could form.
Templates for the GS 2 reaction were each 463 basepairs (bp) in
length and showed 93% nucleotide identity. Templates for the GS
3B reaction differed by a 199-bp direct repeat and seven additional
single-bp differences. The clones were 550 and 749 bp in length
and, excluding the repeat, were 99% identical. PCR conditions
and cloning were performed as above and ten clones from each
primer pair were chosen at random for sequencing.

Sequence analysis

Proofreading and vector sequence removal was done using the Se-
quencher (GeneCodes, Madison, Wis.) program. To eliminate re-
dundant clones, sequences generated from a specific primer pair
were aligned in Sequencher and compared. Clones that differed by
at least three bases from all other clones generated by the same
primer pair were considered unique. The following equation was
used to determine the probability of finding a template with k er-
rors (personal communication with Dr. E. C. Luschei, University
of Wisconsin, Madison):

gﬂ ("M B(k|n,i- pe)
P(kln,m, pe) = SE(BkInipe)’

In this equation B(K|n, i-p,) is the binomial probability distribution
function for k errors and n Bernoulli trials with a probability, p, of
Taq DNA Polymerase errors by cyclei. Using an average template
size of 600 bases, 30 template doublings or cycles (m) and an av-
erage Taq error rate of 1 x 10-5 errors/bp (published rates range
from 8.9 x 105 to 1.1 x 104 errors/bp; Barnes 1992; Cariello et
al. 1991), the probability of finding a clone with three or more er-
rors introduced by Taq is < 0.013%. Calculations were performed
using Mathematica 4.0 software (Wolfram Research, Inc., Cham-
paign, I1l.).

The location of introns was predicted based on the sequences
of cDNAs LM6 and MG13 (Graham et a. 2000) and using the
NetPlantGene intron prediction program (Hebsgaard et al. 1996).
Sequence analyses of the 34P7 RLGs were performed using GCG
software (Genetics Computer Group, Madison, Wis.). Exon se-
quences were combined using the Assemble program. Alignment
of genomic sequences and open reading frames were generated us-
ing the Pileup program. Amino-acid substitution rates of exons
were determined using the Diverge program.

Results

To verify that sequence differences between clones were
not due to misannealing occurring during PCR, DNA
from two distinct clones was mixed and used as template
in a single PCR reaction. The PCR products were re-
cloned and ten clones were randomly sequenced to deter-
mine if recombinants were formed during the PCR reac-
tion. For primer pair GS 2, six of the clones were identi-
cal to one parent clone while the other four were identi-
ca to the other parent. For primer pair GS 3B, five
clones were identical to one parent, while the other five
were identical to the other parent. In each of these cases,
no evidence of recombination occurring during PCR was
found. Additionally, no sequencing errors were found in
the sequences of these clones. This suggests that the few
sequence differences seen throughout the 120 clones
were due to Taq error.

Repeating the PCR reaction and cloning using the GS
1 primers and BAC 34P7 DNA identified four of the five
clones identified in the first reaction. No novel clones
were identified. If the generation of unique clones were
due to misannealing, many of the clones identified in a
PCR reaction would be unique and few duplicate copies
of a clone would be present in either the same PCR reac-
tion or a duplicate reaction. These results imply that se-
guence differences between clones are truly the result of
differences found in genomic DNA.

Using the primers designed from cDNAs LM6 and
MG13 we were able to generate genomic sequences
from multiple RLGs within the cluster on BAC 34P7.
Based on seguence differences within the overlapping
amplified fragments of primer pairs GS3, GS3B and
G$4, we determined that the amplification products cor-
responded to at least twelve different RLGs on BAC
34P7. On average, nucleotide identities from the RLGs
within this region are greater than 95% (Table 2).



Table 2 Amino-acid and nucleotide sequence comparisons of
BAC 34P7 clones

Comparisona BPo KJ/KE N.l.d

GS 0 Range 1 - 1.00

GS 0 Average - - -

G S1 Range 11-29 0.12-3.70 0.94-0.98
GS 1 Average 20.4 1.59 0.96

GS 2 Range 9-27 0.63-2.30 0.95-0.98
GS 2 Average 19.8 1.39 0.96

GS 3 Range 6-56 0.34-0.89 0.90-0.99
GS 3 Average 37.5 0.68 0.93

GS 3B Range 0-6 0.00-0.37 0.99-1.00
GS 3B Average 33 0.37 0.99

GS 4 Range 7-21 0.07-0.69 0.96-0.99
GS 4 Average 13.6 0.30 0.97

GS 4B Range 8-42 0.05-1.08 0.91-0.98
GS 4B Average 28.1 0.56 0.95
GS5 Range 3-27 1.08-1.16 0.95-0.99
GS5 Average 18.7 112 0.97

GS 6 Range 14-45 0.62-2.48 0.89-0.96
GS 6 Average 339 1.39 0.91

a All pairwise comparisons within the PCR generated genomic
clones for agiven primer pair

b Number of base pair differences found within a two by two com-
parison of clones

¢Ratio of honsynonymous to synonymous substitutions
dNucleotide identity found in two by two comparisons

The positions of the PCR amplification products rela-
tive to the genomic sequence of cDNA clone LM6 are
shown in Fig. 1. Each horizontal line represents a unique
clone generated from a given primer pair. The top line
from primer groups GS 2, GS 3, GS 5 and GS 6 corre-
sponds to the genomic sequence of cDNA LM6. The re-
maining primer pairs did not amplify a genomic se-
guence corresponding to LM6. No genomic sequences
were obtained for cONA MG13. Since the end of BAC
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34P7 falls within the gene corresponding to MG13 (data
not shown) and the gene itself contains deletions within
the TIR, NBD and LRR, only primer pair GS1 could
have amplified a genomic sequence corresponding to
MG13.

For some primer pairs, such as GS 0, only two or
three unique clones were identified out of the ten that
were sequenced. In contrast, primer pairs GS3 and G4
amplified seven unique clones each. There are several
possible explanations for the low number of unique
clones identified by some of the primers. First, the genes
could be so divergent in the primer binding site that only
a subset could be amplified. Second, the primer binding
site could have been deleted. Or third, only a few types

Fig. 1A, B Overlapping genomic segments from RLGs amplified
from BAC 34P7. A General structure of cDNA LM6. The loca-
tions of the 5' untrandlated region (5" UTR), several introns (1), the
Toll/Interleukin-1 receptor homology (TIR), nucleotide binding
domain (NBD), conserved domains of unknown function (3, HD,
2 and 1) and the leucine rich repeats (LRR) are shaded. The ruler
below indicates the size of LM6 in base pairs. B Unique PCR am-
plified genomic regions corresponding to RLGs amplified from
BAC 34P7. The grouped horizontal lines represent all unique ge-
nomic clones amplified by a specific primer pair. If more than one
copy of the same clone was identified, the total number of copies
is shown to the right of the line representing the specific clone.
The name of the primer pair is positioned above each group. The
position of the group is shown relative to LM6 above. Size range
of PCR products for each primer pair: GS 0 (634-730 bp), GS 1
(413-463 bp), GS 2 (504-508 bp) GS 3 (546-555 bp), GS 3B
(527-742 bp), GS 4 (491-507 bp), GS 4B (552-665 bp), GS 5
(585 bp) and GS 6 (397—412 bp). The letters above some of the
lines indicate structural changes (insertions v, deletions A and
duplications »») found in the clones, relative to LM6. An aster-
isk (*) is used to indicate the location of a frameshift in potential
pseudogenes. A period is used to indicate the location of an in
frame stop codon in a potential pseudogene

A 5'UTR TIR 11 NBD 3IHD 2 1 I3 LRR
. A __{r:.-" s
—+ ARl V2
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A. ‘M6 1-1 125 TGGATGCAAGG
B 1-3 195 E %imm mm TATC AAGAC A ATGGA TGC AA GG
S 15 125 AA TG AA A Gl AAIK TATCARGAC AA
D 12 125 A mmA'l‘T'anCTMC c'i'ﬂ193
B. 1we
F
G
C.
HI
J
-1 317 CTATCTCATATT A
3-2 317 CT TCTCATAT ACATC AGTTAACTTTTTCTT ATAATTTGTAAATT
4-7 69 TITTTS A ATAA AAA 1
210 220 230 240 . 250 . 260 . . 270
3B-1 401 TCAATTGATATTTCATACAAGTT D AU |~ ¢
B/-2 401 GAT CACCAGAAGA GCCAGBGAAGTGC AAGAGAT TAT TG TTACCAAAAGATATCA TTCAAGT TTTA: 490
4-7 159 R S - -
280 . . . 290 . . . 300 . . . 310 . 320 . 330 . 340 . . . 350 . . . 360
T D AP Y 1Y
28;2 491 AAAGACAACACGGTGAGTGAGCTCATGAATAGTTRAAATTT TT TTTGCCTATCTCATATTTACATCATAGT TAACT TTT TCTTGAT AAT T: 580
A S D e e R
370 . . . 380 . . . 390 . . . 40O . 410 . 420 . 430 . . . 440 . . . U450
3B-1 4o TGCCTT TTTGC ATT AACAG GG GAC TA GTA AN
3B-2 gg1 TGTAAATTTCTCTAAGTGAGTCAATTGATATTTCATACAA% A TGTGETTGATTCETGCCTTTTTGCATTAALAGGG GAC TAGTAAZ
47 182 .. GTATT Ti AA LA A I 237
D. 70 90
KL 48-1 90 AMAGAGTATATTT TCCTHAT CCCGTGAATT NATAA A TCGTAGCCCACAGGCTCTTCGCTATGCGAAGGTATGGGGGAGAGATGTTGTA 179
PEWSN-MNAA AGA GTATA TTT TC CTIRAT CCCGT GAATT SATAAA . 127
150
48-1 180 CGCAGCCTTACCCTTGCATATGCAAAGAGACTGTTTCCTGAATCCCGTGAATTAATAAAGT A T GGT TC IS
4-5 127 ACTTTAAATTTATTCAT T GGT TC 152
40 80 g0
E. v s-4 117 EYYYIYGHReT GGCTCAATAC GCAATCTINTG TRA TG AREZS
MN 6-2 100 YR/ GGCTCAATAC AGRCAC. * TTGCAATCT GTGATGAREA
MO 6-6 111 ITRAYYYY RGCTCAATAL - TGAAACTHITC! AA 185
MP -1 111 m“;;; GGG CT CAA TATSIA mmGCACGTTTTTGGACACA'iTcm m,u TG 1GA TG AREY

Fig. 2A-E Partia sequence alignments of structural differencesin
PCR-generated RLG segments from BAC 34P7. The five panels
are labeled A—E. To theright of the panel name is the letter desig-
nating the structural change found in Fig. 1. Sequences corre-
sponding to the genomic sequence of LM6 are labeled. Specific
fragment names immediately precede the sequences. Dotted re-
gions indicate gaps in the sequences introduced to maximize
alignment. Panel A represents a region within the first intron. Pan-
el B corresponds to a portion of the open reading frame following
the conserved domains of unknown function. In panels C and D,
the duplicated region is underlined with a thin line and the dupli-
cation is underlined with athick line. In panel C the intron begins
at consensus base 79 and ends at consensus base 441. In panel D
the intron begins at consensus base 15. Panel E corresponds to a
portion of the open reading frame in the LRR

of sequences comprise a specific region. All of these
scenarios are possible.

While most of the amplified products contained intact
open reading frames, primer pairs GS 2, GS 3B and GS
6 each amplified a single clone representing potential
pseudogenes (Fig. 1). Frameshifts in the products from

primer pairs GS 2 and GS 6 lead to premature stop co-
dons. The pseudogene product from primer pair GS 3B
contains an in frame stop codon.

The number of base differences, the ratio of nonsyn-
onymous to synonymous amino acid substitutions
(K/Ky and the nucleotide identity of pairwise compari-
sons of amplification products generated by a given
primer pair are shown in Table 2. By determining the K
to K ratios (K/KJ), it is possible to determine if a gene
has recently evolved under selective pressure. For the
Toll/Interleukin-1 receptor homology region of the genes
(primer pair GS 0), the K/K; ratio was not determined
since only two unique clones were identified. A ratio de-
termined from just two clones would be uninformative.
The GS-1 products, which also overlap portions of both
the TIR and NBD, had an average K /Kj ratio of 1.59.
The GS-2 products, which overlap the NBD, had an av-
erage K /K ratio of 1.39. While the GS 1 products over-
lap the NBD, the GS 2 products completely span it. The
GS 3 products, which span several conserved domains



with unknown function (3, HD, 2, 1; Hammond-K osack
and Jones 1997), had an average K/K, value of 0.68.
Products from primer pair GS 4, which include an intron,
had an average KK, value of 0.30. GS 4B, GS 5, and
GS 6 products, which overlap with the LRR region of
the genes, had average K /K values of 0.56, 1.12 and
1.39 respectively.

In addition to basepair differences, we found inser-
tions, deletions and duplications within the predicted ex-
ons and introns of RLG PCR products from BAC 34P7.
In Fig. 1, the letters above some of the amplified clones
represent structural differences between the clones and
the genomic sequence corresponding to cDNA LMG6.
The same letter indicates regions with the same overall
structure. The vertical alignment of the letters demon-
strates that the structural differences occur within the
same region of multiple genes. These changes are exam-
ined in more detail in Fig. 2.

Panel A of Fig. 2 shows a portion of the alignment of
some of the clones amplified from GS 1 (structural
changes B, C and D located within the first intron).
Clone 1-1 represents the genomic sequence correspond-
ing to cDNA LM®6. Relative to LM6, clone 1-3 has a
50-bp insertion. Clone 1-5 has an insertion of 48 of those
50 bases and clone 1-2 has 40 of the 50 inserted bases.
The alignment of the sequences suggests that the three
clones contained the same insertion, and that two of the
clones have undergone additional independent deletions.

The second panel (B) in Fig. 2 examines a portion of
the coding region following the conserved domains of
unknown function. Relative to clone 34, representative
of LM6, clone 3-3 has a three base pair deletion while
clone 3-5 has an overlapping six base-pair addition.

Panel C compares the general structure of two of the
clones amplified by primer pair GS 3B and one of the
clones amplified by primer pair GS 4. Clone 3B-2 has a
perfect 199 base pair repeat relative to 3B-1. The repeat
includes parts of the exon and intron. Clone 3B-2 has 16
of the 25 bases inserted in clone 4—7. In panel D, clone
4B-5 has an imperfect 38-bp repeat, split by a 75-bp in-
sertion. This portion of the sequence corresponds to the
final intron in the genomic sequence for LM6. A
BLASTnN nucleotide homology search (Altschul et al.
1997) of the insertion against the GenBank nonredun-
dant database shows highest homology with a soybean
carboxyl transferase alpha subunit (GenBank accession
number AF164511) with an expected value of 9 x 10-18
(GenBank, July 2001).

In the final panel of Fig. 2, a partia alignment of
some of the clones amplified by GS 6 is shown. Clone
6-4 corresponds to the genomic sequence of cDNA
LM®6. All of the other clones amplified have a 3-bp dele-
tion relative to LM6. In addition, clones 6-2 and 6-6
have overlapping 15-bp insertions and clone 6-1 has a
27-bp insertion. These insertions occur in the part of the
open reading frame that codes for leucine-rich repeats.
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Discussion

Using a PCR sampling approach we have examined the
structures of RLGs within a single BAC from soybean
Linkage Group J. We designed nine primer pairs that
amplify overlapping segments from multiple putative re-
sistance genes on BAC 34P7. The aim of this study was
to determine the best possible approach for subsequent
shotgun sequencing projects and to examine sequence
differences between RLGs in a single cluster. Given the
high nucleotide identity shared between BAC 34P7
RLGs, subclones with larger inserts would be needed to
verify differences between potential genes. Dubcovsky
et a. (2001) sequenced an approximately 65 kb BAC
from rice at 5%, 10x, 15% and 20x redundancy. Even at
20x redundancy, two gaps remained in the sequence and
39 problem areas were identified. Problems included low
coverage within certain regions and difficulties in se-
guence assembly caused by duplications and inversions.
To achieve 20x redundancy 300,000 clones were se-
guenced. In contrast, we were able to identify and com-
pare portions of twelve different R-genes by sequencing
only 120 clones. PCR sampling of a gene cluster could
also be applied to different disease loci and different
classes of disease resistance genes.

An interesting feature of the BAC 34P7 RLGs is the
high K /K ratio found within the TIR and NBD regions.
By examining the K /K ratio it is possible to examine
the evolutionary forces acting upon a group of genes.
Within the protein coding region, a K /K, ratio greater
than one reflects diversifying selection. A ratio less
than one suggests that purifying selection is occurring
(Parniske et al. 1997). In tomato (Parniske et al. 1997),
Arabidopsis (Botella et al. 1998) and lettuce (Meyers et
al. 1998), K /K ratios greater than one have been limited
to the B-strand/B-turn structural motif of the LRR. In
other regions of the genes, including the NBD and TIR,
the K /K, ratios tended to be smaller than 1. The results
of Botella et al. (1998), Meyers et al. (1998) and Par-
niske et al. (1997) supported the hypothesis that only the
LRR regions of R-genes are involved in determining
specificity to pathogens. The NBD and TIR are thought
to be effector regions that would undergo purifying se-
lection. However, recent studies in flax demonstrate the
importance of the NBD and TIR in changing specificities
(Elliset al. 1999; Luck et a. 2000). Ellis et al. (1999) se-
guenced thirteen alleles of the L locus in flax and dem-
onstrated that two alleles with different pathogen speci-
ficities differed only within the TIR. Luck et a. (2000)
swapped TIR domains and a portion of the NBD be-
tween alleles of the L locus while maintaining the origi-
nal LRR. These changes resulted in novel disease resis-
tance specificities. These data suggest that changes in the
TIR and portions of the NBD result in novel disease re-
sistance specificities and therefore these regions may
also diverge. The data presented in the current study sup-
port the divergence hypothesis.

Two other explanations can also account for the high
K /K ratios detected within the TIR and NBD regions of
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RLGs on BAC 34P7. First, exon/intron boundaries were
predicted by comparison with cONAs LM6 and MG13
and by computer algorithm. Including intron sequences
in our analyses could effect the K /K ratios. While am-
plification products of primer pair GS1 do contain a pre-
dicted intron, products of primer pair GS2 do not. Sec-
ond, including a pseudogene in our analyses could also
effect the observed K /K ratios. Three different primer
pairs amplified products containing stop codons or frame
shifts in predicted exons suggesting the presence of a
pseudogene. These may represent a single gene, or may
come from three different genes. In addition cDNA
MG13, which is also derived from this cluster, may be a
pseudogene (Graham et a. 2000). MG13 contains dele-
tions within the NBD, the conserved domains of un-
known function and the LRR. However, no PCR derived
genomic sequences with structural similarities to MG13
were detected, so if similar pseudogenes exist in this
cluster, they were not included in our comparisons. Since
pseudogenes do not encode functional products, no puri-
fying selection takes place and the number of polymor-
phisms in these genes could be higher. Glusman et al.
(2001) used principle component analysis to examine se-
guence differences in 906 human olfactory receptor (OR)
genes. Like R-genes, OR genes are involved in signa
recognition; they cluster in the genome and evolve by
duplication and divergence. In addition, OR genes are
prolific, accounting for as much as 1% of the human ge-
nome. Principle component analysis of OR genes re-
vedled that OR pseudogenes are more divergent than
functional OR genes. Similar results were obtained by
Gilad et al. (2000). Including pseudogenes in the princi-
ple component analysis of functiona OR genes in-
creased the overall levels of divergence found relative to
functional OR genes alone (Glusman et a. 2001). In the
case of the BAC 34P7 RLGs, including a single pseudo-
gene in a cluster of nine functional genes would mean
that nine of the 45 possible pairwise comparisons would
include a pseudogene. By combining RLG pseudogenes
with functional genes, we could significantly skew ami-
no-acid substitution ratios.

In addition to single nucleotide differences, we found
evidence of insertions, deletions and duplications within
this cluster. Within each of the three putative introns we
found evidence of clones with insertions. Some of the
clones corresponding to the second and third introns also
contained relatively large duplications. In the second in-
tron the duplication spanned part of the exon and part of
the intron. Small insertions and deletions were aso
found in the coding regions of the genes. Sequence
alignment of these regions revealed that multiple struc-
tural changes appear targeted to specific regions. Initial
duplications have been followed by insertions and some
insertions have been followed by deletions. While the re-
sulting genes maintain a high nucleotide identity, com-
parison of their structural differences allows us to identi-
fy the different events that have occurred within a specif-
ic region. Structural changes of this nature are consistent
with models of unequal exchange between R-genes. De-

creases or increases in LRR number are associated with
altered specificity in the L and M loci in flax (Anderson
et a. 1997; Ellis et a. 1999; Luck et al. 2000), the Cf-5
locus in tomato (Dixon et a. 1998) and the RPP5 locus
in Arabidopsis (Noél et al. 1999). Evaluation of the to-
mato Cf-4/Cf-9 locus by Parniske et al. (1997) implicat-
ed intergenic regions of the clusters in the regulation of
recombination rates.

Using a step-by-step amplification technique we have
been able to quickly and efficiently generate sequences
from many different resistance-like genes from within a
cluster. Sequence comparisons of the RLGs on BAC
34P7 have revealed severa features. First, the RLGs are
closely related and have an average nuclectide identity
>95%. Second, the K /K ratios of the NBD and LRR are
greater than one. This suggests that both the NBD and
LRR domains are diverging. Third, structural changes in
these genes occur within defined regions and are consis-
tent with amodel of recombination-driven mutations. The
results of this experiment demonstrate that selective am-
plification of an RLG cluster, rather than complete
sequencing of a disease resistance locus, can be used to
examine sequence differences in R-genes and the mecha-
nisms which may lead to the development of novel genes.
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